Purpose: Advanced imaging is increasingly important in the diagnosis of ocular surface malignancy. Inverse spectroscopic optical coherence tomography (ISOCT) and two-photon autofluorescence microscopy (2P-AF) are emerging techniques capable of quantifying ultrastructural and metabolic changes, respectively. We aimed to detect malignancy in ocular surface lesions using ISOCT and 2P-AF.
Introduction
Conjunctival and corneal tumors comprise a broad array of benign, premalignant, and malignant neoplasms. Nevus, ocular surface squamous neoplasia (OSSN), primary acquired melanosis (PAM), and melanoma were the four most common diagnoses associated with referral to a large United States tertiary ocular oncology center, in descending order of frequency. 1 Distinguishing between benign and malignant lesions is not always straightforward, 2, 3 and yet it is critical to making correct clinical treatment decisions. Reliable noninvasive diagnosis of ocular surface lesions is becoming particularly important as medical therapies have been effective for select types of tumors. 4, 5 In particular, topical interferon-a2b has become a first-line therapy for the treatment of OSSN. 6, 7 However, treating ocular surface tumors without surgical biopsy means that the diagnosis hinges on characterizing clinical features of the lesion, and observing its response to medical therapy. Misdiagnosis of a lesion could lead to delay of appropriate therapy.
There is increasing interest in clinical tools to aid in the diagnosis of ocular surface tumors, to help make preliminary diagnoses of lesions to help guide treatment decision. Impression cytology, a minimally-invasive way of harvesting superficial ocular surface cells for histology, has been used to distinguish benign from malignant lesions. 8, 9 Imaging devices have been studied for their ability to improve the noninvasive detection and diagnosis of ocular surface pathology. Perhaps the most established and most widely available of these tools is anterior segment optical coherence tomography (AS-OCT). In particular, ultra-high resolution OCT (UHR-OCT) has the ability to help distinguish OSSN from benign lesions, such as pterygium, based on the characteristic appearance of full-thickness hyper-reflectivity of the involved epithelium in OSSN lesions with an abrupt transition to normal epithelium in uninvolved areas. [10] [11] [12] However, one cannot visualize differences in intracellular or ultrastructural characteristics with UHR-OCT. Thus, premalignant changes, such as cellular atypia associated with PAM, are not detectable by even the highest resolution spectral-domain OCT (SD-OCT) devices. 13, 14 Inverse spectroscopic OCT (ISOCT) is an emerging technology using SD-OCT signal re-sampling to determine the backscatter intensity spectra at every voxel in a three-dimensional (3D) OCT scan. 15 Specifically, by assuming tissue to be a continuous random medium, a mass density correlation parameter, D, can be obtained. 16 The higher D is, the greater the degree of tissue or cellular compaction. A unique feature of ISOCT is that the spectral analysis can sense the nanoscale structural modifications down to approximately 30 to 40 nm without the need to resolve the nanoarchitecture, while using OCT as a guide to locate the anatomic regions of interest. A previous study of ex vivo biopsies from colorectal and pancreatic cancer patients found that D was increased in tissues from these patients compared to normal controls, and suggested that ISOCT was sensitive for the detection of premalignant changes at an ultrastructural level, occurring below the optical diffraction limit. 17 Two-photon autofluorescence microscopy (2P-AF) is another emerging technology that has allowed the evaluation of cellular metabolism in tissues by quantifying nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FAD) intrinsic autofluorescence to determine an optical redox ratio. 18 A decrease in the optical redox ratio is seen in states of increased glucose catabolism relative to oxidative phosphorylation, and can be associated with cancer, increased proliferation, or the process of cellular differentiation. 18 Due to the potential ability of ISOCT and 2P-AF to aid in the differential diagnosis of benign, premalignant, and malignant lesions, we sought to apply these imaging techniques to ocular surface lesions. We describe the novel application of ISOCT and 2P-AF in quantifying ultrastructural and metabolic differences, respectively, between lesions of different malignant potential.
Methods Human Subjects and Tissues
This study adhered to the tenets of the Declaration of Helsinki, and approval for this research was obtained from the institutional review board of the Boston University Medical Campus. Informed consent was obtained, after explanation of the nature and possible consequences of the study, from consecutive patients undergoing excision of ocular surface lesions at Boston Medical Center by a single surgeon between July 2016 and August 2017. After excision of each lesion, the surgeon used a 1 or 2 mm dermatologic biopsy punch to separate a central portion of each excised lesion, leaving the lateral margins intact. The peripheral portion was immediately fixed in 10% formalin. The central portion was placed in sterile phosphate buffered saline (PBS) with 2% bovine serum albumin (BSA) on ice and imaged as described below. Immediately after imaging, the central specimen was placed in 10% formalin. The peripheral and central portions of each lesion then were sent to the Boston Medical Center clinical pathology laboratory for routine processing and histologic diagnosis.
Instrumentation and Imaging Technique
The instrumentation and method of ISOCT have been described previously. 15, 17 Briefly, a fiber-based Fourier-domain OCT configuration was implemented. A supercontinuum source provided laser illumination in the visible light range. A house-made spectrometer collected OCT signals in the 530 to 600 nm spectral range. After OCT signal acquisition, a short time Fourier transform (STFT) was performed to generate four-dimensional (4D) data I (x,y,z,k), where x, y, z denotes 3D Cartesian space and k denotes wavelength. The full width half maximum (FWHM) of the spectral window in STFT is approximately 10 nm. Three quantitative IS-OCT markers were derived from the 4D dataset, D, l b , and l s . D is a physical parameter defining the tissue ultrastructural heterogeneity, and higher D conceptually represents higher tissue compaction and aggregation. D is calculated by fitting the spectra from the imaged area by a power law with the relation of I '
is determined by the reflectance, and is a compound marker that is determined by tissue mass density and the heterogeneity. l s (mm À1 ) measures the signal decay along the penetration depth by I ' I 0 exp(À l s z). At each channel, the 3D image was acquired in x, y, and z dimensions of 0.2 3 0.2 3 0.04 mm, respectively. The superficial 50 lm of each specimen, primarily comprised of epithelium, was imaged. 2P-AF was performed subsequently and immediately after IS-OCT. The entire measurement time was completed within 2 hours of excision.
Correlation of ISOCT and 2P-AF Findings to Histologic Diagnosis
The individuals taking images and performing ISOCT or 2P-AF analysis were masked to the clinical or pathologic diagnosis of each tissue. Histopathologic diagnosis of each specimen was made by a single board-certified ophthalmic pathologist as part of the standard of care. Hematoxylin and eosin staining of tissue, as well as Ki67 immunohistochemistry, were performed according to the standard of care practices of the Boston Medical Center clinical pathology laboratory. Specimens were grouped by final pathologic diagnosis into benign or premalignant (combined dysplastic and/or malignant) categories. ISOCT markers D, l b , and l s were averaged for the specimens within each tissue category. The average D, l b , and l s values then were compared between the two categories. 3D ISOCT heat map images also were constructed, and these were qualitatively compared to 2D histologic images. For 2P-AF analysis, the average NADH autofluorescence, average FAD autofluorescence, and the average FAD/(FADþNADH) (redox ratio) autofluorescence signals within the epithelium were compared between the two tissue categories. Standard error of mean also was calculated for each averaged data set.
Statistical Analysis
The independent t-test was used to determine if differences in quantitative ISOCT markers and 2P-AF signals between benign or premalignant tissues were statistically significant. P , 0.05 was considered statistically significant.
Results
Fourteen conjunctival excisional biopsy specimens of 13 patients were analyzed by ISOCT. The clinical and histologic diagnoses of each lesion are summarized in the Table. A squamous papilloma with areas of mild-to-moderate dysplasia was categorized as premalignant due to the presence of dysplasia. Two lesions diagnosed by histology as squamous cell carcinoma in situ (on the OSSN spectrum) were categorized as malignant. The remaining 11 lesions were categorized as benign. Nine of these 11 benign lesions were pterygium. Representative examples of ISOCT images are shown in Figure 1a to 1c, in parallel with hematoxylin and eosin (H&E)-stained histologic sections (Figs. 1d-f) . A visual 3D heat map of D, a marker associated with ultrastructural compaction, shows an increase in D in malignant and premalignant conjunctival epithelium (Figs. 1g-i) .
The ISOCT marker D was 2.2-fold higher in premalignant compared to benign lesions (4.27 6 0.28 vs. 1.92 6 0.26, P ¼ 9 3 10 À4 ; Fig. 2 ). The individual values for each specimen are shown in the Table. There were no significant differences between l s and l b between premalignant and benign groups (Fig. 2) .
For 2P-AF analysis, three lesions were excluded because two-photon microscopy was not available at collection. Of the 11 included lesions, nine were benign, one was premalignant, and one was malignant (Table) . Representative images of NADH and FAD autofluorescence for each lesion category are shown in Figure 3 .
Ki67 immunostaining was performed as part of standard clinical diagnostic analysis by the Boston Medical Center pathology laboratory in suspected malignant tissues only, and showed a high level of epithelial cell proliferation in the squamous papilloma and squamous carcinoma tissues (Figs. 3g, 3h) .
2P-AF analysis of NADH and FAD autofluorescence suggested 3.7-fold higher NADH autofluorescence in premalignant versus benign lesions (20.10 6 5.88 vs. 5.38 6 1.40, P ¼ 0.23; Fig. 4a) , and 0.51-fold lower FAD autofluorescence in premalignant versus benign lesions (2.50 6 0.81 vs. 4.83 6 1.93, P ¼ 0.30; Fig. 4b ), but neither difference was statistically significant. However, when calculating a redox ratio (FAD/FADþNADH), there was a statistically significant 0.24-fold lower redox ratio in premalignant versus benign lesions (0.11 6 0.005 vs. 0.45 6 0.04, P ¼ 1.08310
À5
; Fig. 4c ).
Discussion
In this pilot study of ISOCT imaging of ocular surface lesions, we found that the ISOCT marker D was consistently higher in ocular surface tissue harboring malignancy or dysplasia, specifically in squamous cell carcinoma in situ and dysplastic papilloma. These results are in line with previous studies reporting higher D in the early stages of various cancer types, including colon, pancreas and lung cancer. 17,19À21 Thus, our results suggested that D is a sensitive marker of malignancy or malignant potential in the ocular surface as well. Higher D values indicated more compact and condensed structure, and have been correlated with increasing chromatin compaction, as well as with increasing collagen crosslinking. 16, 22 Collagen crosslinking has been implicated in the development and invasion of malignant tumors. 23 Lysyl oxidase, which catalyzes the crosslinking of collagen, is overexpressed in many cancers. 24 The higher D associated with malignant or premalignant tissues could potentially involve changes in these properties. In addition, in our analysis of ocular surface lesions by 2P-AF, we found that the redox ratio was significantly lower in malignant and dysplastic conjunctival lesions compared to benign lesions. A lower redox ratio suggests a shift in cellular metabolism from oxidative phosphorylation to glycolysis, and cancers are known to display the Warburg effect, whereby malignant cells increase anaerobic respiration, resulting in a lower redox ratio, while maintaining a high metabolic demand. 25, 26 The Warburg effect is the basis for how positron emission tomography (PET) scans noninvasively detect malignant tumors. 27 The malignant and dysplastic lesions that we examined displayed a high degree of proliferation, as evidenced by the density of Ki-67-positive cells (Fig.   3) . Thus, the combination of high proliferative rate and lower redox ratio suggests that the Warburg effect could be present in squamous cell carcinoma and dysplastic squamous papilloma of the conjunctiva.
Our study did not address whether ISOCT or 2P-AF could be useful in distinguishing between invasive and noninvasive forms of ocular surface malignancy. Theoretically, if the area analyzed included the stroma, deep scleral invasion could be detectable; however, this would not be practical in lesions with thickened epithelium due to issues of light penetration, as significant shadowing begins to occur at a depth of approximately 200 to 300 lm with ISOCT (data not shown), and the maximum depth of penetration of 2P-AF is 50 lm. For the purpose of this study, we limited our analysis to the superficial 50 lm of each lesion because we wanted to be as consistent as possible in comparing the lesions to each other and between modalities (ISOCT vs. 2P-AF). By using a depth of 50 lm, we also limited the analysis to the epithelium in all samples, and avoided capturing stroma in the thinner lesions. In future studies, it will be important to further analyze the effect of modifying the depth of analysis, and whether ISOCT may be able to help distinguish invasive from noninvasive cancer. However, we anticipate that ISOCT in particular will be more useful for detecting early signs of malignancy, rather than for detecting signs of stromal invasion.
The small sample size, particularly of malignant lesions, is certainly a major limitation of this pilot study. Furthermore, the types of malignant lesions we encountered were limited to ocular surface squamous neoplasia. Thus, we are not able to conclude whether ISOCT or 2P-AF could help detect malignant potential in melanocytic lesions. Nevertheless, to our knowledge, our results are the first to demonstrate that ISOCT and 2P-AF can be used successfully to image conjunctival lesions, and that significant differences between lesion types can be detected. ISOCT has been safely and effectively used to image human eyes in vivo, and studies are now underway to use ISOCT in patients to detect differences in ocular surface lesions. The early results from this study suggest that ISOCT and intrinsic autofluorescence imaging has the potential to be clinically useful for the sensitive noninvasive detection and grading of ocular surface malignancies when eventually applied in vivo.
